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Abstract—This paper presents the architectural lay-out and 

functional design details of a microcontroller embedded 

electronic monitoring system (e-EMS). According to the design, 

this unit is integrated into the PV module junction box. It can be 

scaled up to form part of a complex PV power plant control 

system. The communication topology follows a 3-tier structure. It 

uses two processors, one dedicated for data acquisition and the 

other for communication purposes. The e-EMS provides a 

complete set of data associated to PV module performance 

characteristic parameters, including current and voltage of the 

PV module and each sub-string of cells, operation of the bypass 

diodes along with the corresponding current and voltage 

measurements, PV temperature and environmental parameters. 

The sampling rate can be programmed in a large range from 1 to 

65s along with the number of samples used for averaging signal 

values. The power output is determined every hour, as a basic 

output of the system. Comparison of the determined values with 

the expected ones when normalized to the PV operating 

conditions provides reliable information on deviation trends, the 

degree of degradation that the PV module experiences, while the 

analysis of the sampled data may identify the cells or modules 

which experience degradation and disclose types of factors which 

affect their operation. 
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I.  INTRODUCTION 

The performance of PV modules the fundamental unit of a 
PV array or plant depends on many factors that may be 
external, as for example the intensity of the solar radiation 
incident on the PV modules, IT, the wind velocity, vw, the 
ambient temperature, Ta, shadowing patterns on the modules, 
etc. or internal such as micro-cracks, corrosion, delamination, 
EVA browning, finger interruptions, etc. [1-4]. Internal factors 
responsible for PV degradation may be caused by external 
parameters or created during the cell manufacturing process, 
such as micro-cracks and crystal micro-defects, weak regions 
in the metallization, shunts either ohmic, especially in the 
lateral sides of the cells due to passivation problems or shunt 
diodes which represent e-- hole recombination centres in the 
cell structure [5-8]. All these factors significantly affect the 
PV power output Pm, the current I and voltage V at the 
maximum power point MPP, the Fill Factor, the module 
efficiency, the series and shunt resistances [9-11]. The effect 

may be temporary as in the case of transient shadows casted 
on the PV modules or permanent as in the case of corrosion, 
delamination, etc. In the latter case their impact may increase 
during the lifetime of the PV module, while the degradation 
and aging of the PV cells becomes a governing factor in the 
PV power performance [12-14]. 

Continuous monitoring of the operation of grid-connected 
PV systems is necessary to ensure optimal energy harvesting 
and reliable power production. Efforts in developing advanced 
monitoring and diagnostic methods and tools for PV fault 
detection are acknowledged throughout the world and are of 
particular importance because of the rapid increase of PV 
installations and the need to optimize and sustain their 
performance. The research projects in the above domain fall 
into 4 categories: 

1. electric based methods and tools. Monitoring of 
fundamental electrical quantities of a module, string of 
modules, arrays and plant, comparison with the 
expected values and I-V curve analysis to proceed to 
fault detection and diagnostics [15-23] 

2. Artificial intelligence, Neural Networks, Fuzzy logic, 
time series and stochastic analysis using accumulated 
data [24-28] 

3. PV power forecasting methodologies and comparison 
with measured or estimated values to evaluate the PV 
systems degradation, and predict the power to be 
delivered during the hours of the day with emphasis in 
the time domain for the control system to take 
appropriate decisions in  matching the load profiles 
[29-34] 

4. IR image analysis, I-V curve analysis, and other NDT 
tools to identify spatiotemporally the defected modules 
and cells [35,36]. 

 Due to the degradation factors affecting PV performance a 
wide interest is shown in the monitoring of the PV power 
output. Several works presented so far design details of the 
monitoring system and test results captured at the DC/AC 
output or the PV string of modules or the PV module itself 
[37-39]. The intention was to estimate the deviation of the PV 
power output from the expected value and if possible to 
identify which PV module(s) are affected, and provide 



2 

 

information about the type of the degradation developed in the 
module. However, it is desirable to have more advanced 
monitoring tools available in order to provide reliable 
information on the performance quality of the modules or 
strings.  

 The objective of this project was to design and construct a 
cost-effective microcontroller unit embedded into the PV 
module either plugged-in or replacing the junction box with an 
intelligent version equipped additionally with sensors to 
provide reliable monitoring and full scale information on the 
electric quantities of the module, each string of cells, and in 
the by-pass diodes, as well as the module temperature Tc, and  
environmental data, solar irradiance incident on the PV plane 
IT, ambient temperature Ta, wind speed vw. The data monitored 
are required by the system for the on-line PV power analysis. 
PV performance deviations from the expected for the 
environmental conditions where the PV module operates may 
indicate different failure modes. For a reliable identification of 
the failure mode, it is important for the monitoring to take 
place at the module or even cell sub-string level. Scalability of 
the system is considered at design, being able to effectively 
monitor an entire PV installation. 

II. ARCHITECTURAL DESIGN  

A. Design and Operational Principles 

The e-EMS is designed as modular unit. The architectural 
structure of the embedded micro-electronics PV module 
monitoring unit is based on the following design details and 
operational principles: 

a. the analogue signal processing and insulation board 
(ASPIB) that permits adaptation of signal acquired for 
the main system digital board. This is attach to the 
main board (DAQ) as a piggy-back solution and can be 
interchanged with another card having different 
facilities; 

b. the wired/ wireless connected data acquisition 
processing and communication board (DAQ) is able to 
signal acquisition, monitoring and determination of the 
electric parameters of the module I and V at the point 
of operation, V across each sub-string of cells Vstr1, 
Vstr2, Vstr3, the current through each bypass diode ID1, 
ID2, ID3 (see Fig.1) and the temperature of a PV cell 
representing module temperature. 

c. The DAQ includes an analogue to digital converter at 
high resolution (16 or 24 bits resolution) with 6 
multiplexed channels, offset and full scale self-
calibration, connected by a SPI (Serial Peripheral 
Interface) with a new powerful micro-controller 
Atmega328P. The block diagram of the system is 
illustrated in Fig. 2. 

d. The communication sub-system (COMM) uses a 
dedicated micro-processor  to wirelessly transmit to a 
central data concentrator (CDC) the data sampled and 
process them to determine deviations and trends in 
order to estimate PV module degradation and identify 

possible failure modes. The link with the DAQ is 
implemented using UART serial bus. The board allows 
changing the wireless transceiver with another one, 
having the same standard form factor and pins. The 
HC05, JDY30 and HM10 transceivers were tested with 
similar communication parameters but compliant with 
different Bluetooth protocols BT2.0, BT3.0 and 
respectively BLE 4.2 (low energy) [40]. Also, for long 
range communication facility the NRF24LS01 
transceiver was tested and its range in free field was 
tested at around 1000m with a consumption less than 
12-15mA. A wired serial interface compliant with 
RS232 (3.3V level) permits for short distances to have 
a connection to the supervisor implemented by wire. 
The DAQ also allows acquisition of another four 
multiplexed analogue signals. For this scope the micro-
controller analogue to digital converters with 10 bits 
resolution, can be used to acquire analogue signals that 
are not galvanically insulated. The internal usable 
memory is around 1.6KB where data acquired can be 
stored. 

e. The sensors embedded in the DAQ system are Hall 
effect based current sensors with high accuracy (0.2-
0.5%) and optocouplers which are used in the linear 
zone of their characteristic and present a similar 
accuracy as a result of the full correction based on the 
experimental characteristics that are used. Periodical 
calibration to increase signal acquisition accuracy is 
carried out in order to keep measurement errors low. 
The sensors used ensure in the same time the galvanic 
insulation between the energetic circuits of the PV 
module and the embedded electronic system. The 
signal acquisition chain elements are all correlated as 
parameters in order to minimize all factors’ errors and 
cost. As a function of the desired resolution one of two 
analogue to digital converters (MAX11253 or 
ADS124S06) can be used for signal conversion and 
acquisition. Is sigma -delta converters and by 
programming the sampling rate, the programmable gain 
and the internal voltage reference can be adequately 
settled.   

 

 

Fig. 1. PV module structure with 3 sub-strings and position of the current 

sensor
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Fig. 2. Block diagram of the e-EMS 

 

B. Functionality 

 The functioning of the main e-EMS component which is 
the DAQ is based on an “event driven” model that permits the 
fast and specific response of the system at each request or 
event produced during its operation. Thus, the main event is 
related to the time measurement that will trigger the signal 
acquisition at low and high resolution (Fig.3), internal analog 
to digital converter, and external high-resolution ADC, 
respectively. 

 The signals acquired (Fig. 4) are buffered on internal 
SRAM data memory (2 kB), as mean values for a set number 
of samples/signal and, periodically at the initiative of CDC, 
the data buffers are uploaded to the central point. Additional 
signals from solar irradiance sensor, wind velocity and 
ambient temperature sensors are recorded centrally for the 
global parameters IT, Ta, and vw. On CDC the programs that run 
for the management of the entire solar power plant open for 
each component module several treads which manage the 
communication link, emit the necessary control telegrams, and 
receive corresponding echoes that contain the data acquired. 
The main functionalities supported are: selection of baud rate, 
automatic detection and configuration of the existing serial 
interfaces, processing and storage of data acquired, etc. as 
shown in Fig.5. 

 The Human Machine Interface (HMI) is simple, indicating 
directly only the necessary parameters and fully endowed to 
assure the complete customization of the acquisition process 
and configuration of the data acquisition system too.  

 The supplies are independent for the two components of 
the system: DAQ and COMM. In this way, it is easy to detect 
when one of the voltage power supply reaches the “brawn 
level” indicating the limit of its operation. The workflow 
diagram of the COMM and DAQ processors is shown in 
Fig.6.  

 The DAQ is programmed to pre-process the data acquired 
locally and determine the power output from each string and 
the module. Local values are transmitted to the CDC and 

compared to the nominal ones after normalizing the nominal 
values to the operational environmental conditions based on 
IT, Ta, and vw.  

 

Fig. 3. Workflow of one signal acquisition 

 

Fig. 4. Table with signals acquired 
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 Deviation of the module power output from the expected 
value triggers further temporal assessment of the local values 
at the central point to determine the type of failure (eg. partial 
shading, dust accumulation, or more permanent degradation 
effects such as corrosion of busbars, contacts, delamination, 
etc.). 

 

Fig. 5. Main telegrams that assure the management of PV panel monitoring 

system 

 The Panasonic 18650 3350mAh batteries for DAQ and 
ML2020 for the COMM module were used. The overall 
consumption of e-EMS is less than 40mA and this assures 
independence in supplying more than 3 and a half days 
without any power management action and overpass one year 
when the power management is used. Future improvements 
include implementation of a recharging system for Panasonic 
battery directly from the PV panel and replacing the ML2020 
with a rechargeable battery.  

 

 

Fig. 6. Work-flow diagram for a data transaction between Communication & 

Control processor and the DAQ processor 

III. PV PLANT NETWORK 

The acquisition network permits the integration of all data 
acquired from each PV panel and the internal cell sub-strings 
into a single database, creating a useful unique database 
covering the entire solar power plant system in its successive 
stages. This represents the basis for the development of the 
intelligent software module for solar power plant energy 
efficiency optimization and also for developing the preventive 
maintenance functionality. The topology of the network is 
illustrated in Fig. 7. Using two transceivers (Bluetooth and 
RFM) for integration of the e-EMS system for the case of a 
solar power plant, the topology shown in Figure 7 is more 
easily implemented, similarly to the retina organization [41]. 

 
 

 

Fig. 7. Topology of the signal acquisition network corresponding to a solar power plant 



5 

 

IV. THE EMBEDDED ELECTRONIC MONITORING SYSTEM (E-EMS 

UNIT) 

 The e-EMS built is presented in Fig.8. The module is 
attached to an atmega328P microprocessor board. Two 
transceivers endow the COMM module in order to ensure two 
different settlements for the e-EMS module (interim of end 
node) into the power plant data acquisition network. The 
short-range transceiver is implemented by a Bluetooth Low 
Energy (BLE) module with a range of 10m, and the RFM 
transceiver can reach a range of more than 400m with strip 
antenna. The maximum number of connections allowed by 
BLE transceiver is 7 and the RFM transceiver allow more than 
65000 connections.  
 

 
Fig. 8. Analogue signal processing and insulation board (ASPIB) connected 

by piggy-back to microprocessor board 

V. CONCLUSIONS AND FUTURE WORKS 

 A novel e-EMS modular unit was built for the monitoring 
of PV modules in a PV power plant providing valuable 
information on the electric parameters of the PV modules 
down to the cell sub-string level, which allows the detection of 
failure modes and the estimation of PV degradation. The e-
EMS has low consumption, incorporates wireless sensors and 
communication protocol to assure the management of the PV 
module monitoring system. Additionally to the capabilities 
offered by existing systems, the proposed system is able to 
diagnose internal module failure characteristics linked to the 
cell sub-strings as it monitors the activation of the bypass 
diodes. Processing of this information allows the identification 
of the defected cells or sub-string of PV module. In the future 
the system will allow to replace the present bypass diodes by 
new short-circuit elements based on CMOS switching 
transistors. The current paper has presented the architectural 
design of the e-EMS system with the operational principles 
and designed functionality along with the topology of the 
signal acquisition network for the entire solar power plant. 

Current work is carried out in the testing of the system and the 
identification of defects and failure modes. The module will 
reach the Internet of Thinks (IoT) features by developing the 
present firmware and improving further its functionalities. 
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